Tunnelling is one of the most paradigmatic and evocative phenomena of quantum physics, underlying processes such as photosynthesis and nuclear fusion, as well as devices ranging from SQUID magnetometers to superconducting qubits for quantum computers. The question of how long a particle takes to tunnel, however, has remained controversial since the first attempts to calculate it 1, 2 , which relied on the group delay. It is now well understood that this delay (the arrival time of the transmitted wave packet peak at the far side of the barrier) can be smaller than the barrier thickness divided by the speed of light, without violating causality. There have been a number of experiments confirming this [3] [4] [5] [6] , and even a recent one claiming that tunnelling may take no time at all 7 . There have also been efforts to identify another timescale, which would better describe how long a given particle spends in the barrier region [8] [9] [10] . Here we present a direct measurement of such a time, studying
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Bose-condensed 87 Rb atoms tunnelling through a 1.3-µm thick optical barrier. By localizing a pseudo-magnetic field inside the barrier, we use the spin precession of the atoms as a clock to measure the time it takes them to cross the classically forbidden region. We find a traversal time of 0.62(7) ms and study its dependence on incident energy. In addition to finally shedding light on the fundamental question of the tunnelling time, this experiment lays the groundwork for addressing deep foundational questions about history in quantum mechanics: for instance, what can we learn about where a particle was at earlier times by observing where it is now [11] [12] [13] ?
While the earliest attempts to calculate the time a tunnelling particle spends in the barrier region * addressed the propagation delay for a wave packet peak, work in the 1980s, particularly by
Büttiker and Landauer 14, 15 , shifted the discussion to an 'interaction time', the time actually spent by a particle in the barrier. This was motivated by the prediction 16 that in certain regimes, the wave packet delay (sometimes referred to as the 'phase time' or 'Wigner time' 2 ) could appear to be superluminal, suggesting that it does not reflect the duration of the tunnelling event. Büttiker and Landauer provided arguments in favour of a 'semiclassical time' equal to md/ κ, where m is the mass, d is the barrier thickness, and κ = 2m(V 0 − E)/ is the evanescent decay constant in the tunnelling regime (E is the incident energy and V 0 is the barrier height); it should be noted that unlike the group delay, this grows linearly with d and is thus generally not superluminal. As we shall discuss in depth below, another way of defining the tunnelling duration is via the effect a particle has on an auxiliary 'clock' degree of freedom.
A number of experiments have sought to measure tunnelling times. Several optical experiments 3-6 * not to be confused with the lifetime of a quasi-bound state 2 Figure 1 : Larmor clock. A weak magnetic field B pointing in the z-direction is localized inside the potential barrier. A particle with spin-1/2 pointing initially along the x-direction impinges on the barrier, and after transmission, the spin has precessed in the xy plane with a Larmor frequency ω L and tilted towards the z-axis, as depicted in the Bloch sphere. The |↑ and |↓ states are the eigenstates of the system in the presence of the magnetic field along the z-axis. The Larmor times are then defined as
have confirmed the superluminal nature of the group delay, and some have attempted to probe other timescales 17, 18 . A pioneering experiment studying quantum tunnelling in a Josephson junction 19 was the first attempt to apply the insights of Büttiker and Landauer to instead probe the duration of the tunnelling event itself and offered qualitative agreement with the 'semiclassical time'.
Recently, there has been an explosion of experimental interest in the area due to the Keller group's development of the 'attoclock' 20 . These experiments 7, 21-25 use strong-field ionisation in a circularly polarized field to determine how much time elapses between the ionising field reaching its maximum and an electron finally escaping. Intuitively, one might therefore expect such times to be described by the group delay, although there have been multiple theoretical approaches and no small amount of controversy. In this setup, rather than impinging upon a barrier, the electron escapes from a quasi-bound state † . Therefore, it is impossible to identify a time at which the event 'starts', as opposed to merely the moment at which the field reaches its maximum. The problem is further complicated by atomic-physics effects which generate additional delays unrelated to the tunnelling event. The most recent experiment, attempting to properly account for these, made the dramatic claim that tunnelling is essentially instantaneous 7 . There has also been an experiment probing the time delay between two tunnel-coupled momentum components of atoms oscillating in the wells of an optical lattice 27 , although it was unable to discriminate between the different theories.
To provide an operational definition of the tunnelling time, it is natural to devise a 'clock' † see the distinction made early on by Landauer 26 4 which ticks only while the particle is present in the barrier region. The Larmor clock, originally introduced by Baz' 28 and Rybachenko 29 , is the most famous example of such a thought experiment.
If an ensemble of polarized spin-1/2 particles impinges on a barrier, localizing a magnetic field on the barrier region alone will cause the spins to precess only while the particles are under the barrier (see Fig. 1 ). Considering incident particles polarized in the x-direction and a magnetic field along z, one would expect the spin to precess by an angle θ = ω L τ , where ω L is the Larmor frequency and τ is the time spent in the barrier. By working in the limit of a weak magnetic field (ω L → 0), this time can be measured without significantly perturbing the tunnelling particle. We prepare a degenerate gas of approximately 8000 87 Rb atoms in the 5S 1/2 |F = 2, m F = 2 state (F and m F denote the hyperfine and Zeeman quantum numbers respectively) in a crossed dipole trap. One of the trap beams is turned off and the atoms are left free to move longitudinally in a quasi one-dimensional waveguide. We decrease the effective temperature of the atoms using matter-wave lensing (see Methods), resulting in an rms velocity spread of 0.45(15) mm/s, or an equivalent effective temperature of 2(1) nK (λ dB = 4(1) µm). We then push the atoms towards a 1.3 µm Gaussian barrier, formed by a focused blue-detuned beam (see Methods), using a variable-duration magnetic gradient pulse to set the velocity. We have previously observed tunnelling through this potential in two different contexts: escape from a quasi-bound state 32, 33 ; and in a single-collision geometry 34 , such as the one studied here. While the atoms approach the potential barrier, rapid adiabatic passage is used to transfer the atoms from their initial spin state to the |2, 0
state. An effective spin-1/2 is encoded in the |2, 0 and |1, 0 hyperfine clock states denoted by
and |−x = |↑ −|↓ √ 2 respectively (Fig. 2) . The barrier light is phase-modulated at (4) To perform the read-out sequence, the atoms which were coupled to |−x are transferred to the |2, -1 state, after which we perform a Stern-Gerlach measurement to separately image both of the states. the 6.8-GHz hyperfine frequency, thus creating a pair of Raman beams that couple the |+x and |−x states. In the interaction picture, the pseudo-magnetic field generated by the Raman beams points along the z-direction of the Bloch sphere. After the collision with the barrier is complete, we perform a final rapid adiabatic passage sweep from |−x to |2, -1 . A subsequent Stern-Gerlach sequence separates the two spin states, allowing us to determine the populations of |±x .
We begin by testing the implementation of the Larmor clock in free space. For this purpose, we remove the potential barrier but keep the pseudo-magnetic field on by changing the barrier wavelength to a nearby tune-out wavelength (see Fig. 3 and Methods for details). The precession angle tells us how much time the atoms spend in the region with the localized pseudo-magnetic field. The results without the barrier (see Fig. 3 b) show an expected 1/v dependence, where v is the velocity of the atoms. With our knowledge of the barrier width, we can extract the Rabi frequency of the two-photon transition.
After verifying the behaviour of the clock, we move to the case of a repulsive barrier. In this case, after the interaction with the barrier and the Raman beams, each atom will be either transmitted or reflected, with its spin in a superposition of the |+x and |−x states (see Fig.   4a ). At high energies, the barrier has little effect on the atoms and the precession angle scales inversely with velocity as before. From these points, we deduce the Rabi frequency. We perform the tunnelling measurement with a 135(8) nK barrier height, corresponding to 5.1 mm/s, and a
Rabi frequency of Ω = 2π× 220(40) Hz.
We investigate the two Larmor times by performing full spin-tomography of the transmitted spin-1/2 particles. Rotations after the scattering event allow us to measure the spin components along the x, y, and z-axes of the Bloch sphere (see Fig. 4b ). From the different projections, we find the traversal time τ y and the time τ z associated with the back-action of the measurement (see Fig. 4c ). At the lowest incident velocity (4.1 mm/s), we observe a transmission probability of 3%. Given the energy-dependence of the transmission, we calculate that the transmitted atoms have a velocity distribution with a peak at 4.8 mm/s, corresponding to κd 3. About 3/4 of this distribution corresponds to energies below the barrier height. The measured traversal time τ y is 0.62(7) ms.
The experimental data are in good agreement with one-dimensional two-component timedependent Schrödinger simulations with no free parameters (see Fig. 4c ), while Gross-Pitaevskii simulations show no significant modifications due to the presence of interactions. Furthermore, the theoretical prediction given by the weak value formalism describes our results well (see Methods).
In contrast, the 'semiclassical time' disagrees with τ x by more than three standard deviations for the lowest velocities. This is, to our knowledge, the first direct measurement of the time massive particles spend in a barrier region, implementing the Larmor-time thought experiment of Baz', Rybachenko and
Büttiker. For a range of incident velocities, we can observe both the time spent in the barrier and the spin-rotation due to measurement back-action, clearly separating the two effects. We see that as one heads deeper into the quantum regime, the back-action grows in importance, and our results are consistent with the prediction that the tunnelling time begins to decrease 15 . Our results are in- consistent with claims that tunnelling takes 'zero time' 7, 20 . Beyond resolving the controversy over how long a tunnelling particle spends in the barrier region, the experimental approach pioneered here opens a new window on quantum measurement and the broad question of how much one can infer about the history of a quantum particle. In particular, it will enable measurements of where within a barrier transmitted and reflected particles each spend their time 11, 12 . As it is predicted that these exhibit nonclassical behaviour, their study as the system is made 'more classical' by the introduction of dissipation or atomic interactions promises to offer a new perspective on the quantum-classical boundary.
Methods
Experimental setup. We Bose-condense 8 × 10 3 87 Rb atoms in a 1064 nm crossed dipole trap.
The trap is composed of two beams: an elongated beam which we refer to as the atom waveguide 
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Matter-wave lensing. We use delta kick cooling [35] [36] [37] [38] [39] , also referred to as matter-wave lensing, to decrease the effective temperature of the atoms from 15 nK to 2(1) nK, or a corresponding rms velocity spread of 0.45 (15) We have achieved temperatures as low as 0.9 nK using this technique by reducing the initial atom number, but in order to work at higher atom numbers, we perform this experiment at 2 nK.
Potential barrier and Raman beams. The light for the barrier and the Raman beams is created by a homemade 421 nm external cavity diode laser (ECDL) in Littrow configuration. We set the frequency of this beam in the vicinity of one of the rubidium tune-out wavelengths (421.07 nm) located between the 5S 1/2 →6P 1/2 (421.7 nm) and the 5S 1/2 →6P 3/2 (420.3 nm) transitions.
To generate the pair of Raman beams, the beam passes through a 6.8 GHz electro-optic phase modulator using a modulation depth of β 0.3 which creates a pair of sidebands in the optical spectrum. About 5% of the optical power goes to the sidebands. The generated sidebands have opposite phases and act destructively when used along with the carrier to drive Raman transitions.
An etalon with a FWHM bandwidth of 12 GHz is therefore used to remove one of the sidebands.
We can control the Rabi frequency without modifying the power of the Raman beams, by adjusting the modulation depth β. This is monitored by detecting the beat signal between the carrier and the remaining sideband on a fast photodiode.
The barrier light is sent to the science chamber, where it is focused to a 1/e 2 radius of w z = 1.3 µm along the z-direction, while along the y-direction it is scanned with an acousto-optical Larmor time calculations. We calculate the characteristic Larmor times using the weak measurement formalism 13 . The projection operator onto the barrier region, Θ, has eigenvalues 1 (for particles in the barrier region) and 0 (for particles outside). A dwell time operator D ≡´∞ −∞ dtΘ(t)
provides a measure of time spent in the barrier. However, its expectation value includes contributions from both transmitted and reflected atoms. Steinberg 11, 12 showed that the weak value of this operator, D w = τ y + iτ z = f |D|i / f |i where i refers to the initial state and f to the final state, can be understood as the conditional dwell time of a particle which is prepared in the |i state and postselected in the |f state. In our experiment, the initial state corresponds to atoms incident on the barrier from the left, while the final state corresponds to transmitted atoms on the right side of the barrier. As originally shown by Büttiker 15 , these Larmor times can also be calculated as follows: τ y = − ∂φ/∂V and τ z = − ∂|T |/∂V , where φ and |T | are the phase and the magnitude of the transmission amplitude, respectively.
Using the transfer matrix method, we solve for the conditional dwell times at different incident energies numerically. In the experiment, the Larmor probe is implemented by the pair of Raman beams; therefore, in the calculations, we obtain the dwell times by integrating over the Gaussian region of the barrier (the top-hat function Θ is replaced with a Gaussian weight function, representing the local strength of the interaction with the clock). This integration region extends beyond the turning points of the barrier for the range of incident energies, and we calculate that about 40% of the measured time for the lowest incident energy comes from the time spent in the classically forbidden region.
Spin preparation, rotation and readout. After we accelerate the atoms using a 15 G/cm magnetic gradient pulse for a variable time (0 -0.9 ms), we prepare the spin state of the atoms. While the atoms travel towards the barrier, we ramp up the magnetic field to approximately 40 G. The high magnetic field causes a difference in successive energy splittings of the F = 2 manifold of 210 kHz thanks to the quadratic Zeeman shift. This allows us to transfer the atoms from |2, 2
(in which they Bose-condensed) to |2, 0 using a 1 ms radio-frequency rapid adiabatic passage. A multi-loop antenna provides the rf coupling with a Rabi frequency of approximately Ω rf ≈ 2π×9
kHz. The transfer efficiency is greater than 95%, and the atoms left behind can be identified and do not affect the subsequent dynamics in the experiment. The total preparation sequence lasts for 9 ms. Since the clock transition has a field dependence of 575 Hz/G 2 , we lower the magnetic field to 1 G prior to the interaction with the Raman beams to reduce our sensitivity to magnetic noise.
For the read-out sequence, we again increase the magnetic field to 40 G. Due to the quadratic Zeeman shift, the frequency difference between the |1, 0 to |2, -1 and the |1, -1 to |2, 0 transitions is 110 kHz. We transfer the atoms through a rapid adiabatic passage from |1, 0 to |2, -1 in 1.5 ms. The transfer efficiency is 90%. This sequence lasts for 8.5 ms. Subsequently, we lower the magnetic field to 1 G and perform a 5.5 ms time-of-flight with a 40 G/cm magnetic gradient to implement a Stern-Gerlach measurement and simultaneously image both of the final states.
We can only directly measure the hyperfine states |+x (|2, 0 ) and |−x (|1, 0 ), thus obtaining Sx . To complete the tomography, after the interaction with the barrier we apply a microwave pulse addressing the |+x and the |−x states to perform a π/2 rotation along the z-axis to measure
Sy . Similarly, we rotate the spin by a π/2 angle along the y-axis, through a phase shift of π/2 radians in the driving field, to measure Sz . The rotations are done with a dipole antenna driving the atoms with a Rabi frequency of Ω mw = 2π×2.4 kHz. To identify and account for possible systematic errors such as imperfect π/2 rotations or population transfer in the read-out sequence,
we also measure the -x, -y and -z projections. We periodically calibrate the phase between the microwave source and the Raman beams since drifts in the ECDL frequency and changes in the etalon due to temperature fluctuations can occur. The phase calibration is performed as follows:
a spin rotation along the z-axis, for atoms with an incident velocity well above the barrier height, is induced by the Raman beams and it is followed by a microwave pulse tuned to provide a π/2 rotation about a torque vector which lies in the yz plane of the Bloch sphere, its angle on this plane depending on the microwave source phase (relative to that of the Raman beams). We repeat the procedure while scanning the phase of the microwave source and determine the phase difference from the sinusoidal behaviour of the measured hyperfine populations. For this calibration, we use a 120(7) nK barrier and an incident velocity of 8.70(15) mm/s. The typical phase drift between calibrations is 90 mrads and has been included in the measurement uncertainties.
